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Abstract 
Samples of low alloyed steel AISI 4140 42CrMo4, used for casing, and stainless injection-pipe steel AISI 420 
X46Cr13 as well as AISI 420J X20Cr13 were kept at T=60 °C and ambient pressure as well as p=100 bar for 700 h - 
8000 h in a CO2-saturated synthetic aquifer environment similar to possible geological on-shore CCS-sites in the 
northern German Basin. Corrosion rates and scale growth are reduced at high pressure and pits -indicating local 
corrosion- decrease in diameter but increase in number as a function of exposure time.  
 
© 2013 The Authors. Published by Elsevier  Ltd.  
Selection and/or peer-review under responsibility of GHGT 
 
Keywords: steel; supercritical CO2; pipeline; corrosion; CCS; CO2-storage 
1. Introduction 
In the oil and gas production carbon dioxide corrosion may easily cause failure of pipelines [1-7] and 
this problem will become an issue when emission gasses are compressed from combustion processes into 
deep geological layers (CCS Carbon Capture and Storage) [8,9]. Generally steels applied in CO2-pipeline 
technology precipitate slow growing passivating FeCO3-layers (siderite) [10-15]. When injecting CO2 
into saline aquifer reservoirs, as found in the Northern German Basin the CO2 is dissolved to build a 
corrosive environment. As a result of the anodic iron dissolution of the pipe steel a siderite corrosion 
layer grows on the alloy surface. Scale growth is most likely at the interface between the caprock and the 
reservoir where the brine may be in contact with the injection pipe: if CO2 injected is into the aquifer it 
will not contact the aquifer water until near the bottom of the injection well, so internal corrosion will 
depend largely upon the source of the injected gas, its composition and the presence of water and 
dissolved salts. Here corrosion of the injection pipe in CO2-rich aquifer water may be a possibility when 
at injection intervals, the aquifer water may flow back into the injection pipe and then form phase 
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boundaries [16]. Many authors demonstrate the dependence on various environmental factors [10-12,17-
27]; in this study the influence of hydrostatic pressure within the storage site as well as carbon and 
chromium content of the steels is analyzed for a critical temperature region well known for severe 
corrosion processes [4,6,7,13,16,23,24,28,29,30-32] . 
2. Material and Methods 
Exposure tests were carried out using samples made of thermal treated specimen of AISI 4140 (1%Cr) 
and AISI 420C (X46Cr13, 0.46%C, 13%Cr)), AISI 420F (X20Cr13, 0.20%C, 13%Cr) with 8 mm 
thickness and 20 mm width and 50 mm length. A hole of 3.9 mm diameter was used for sample 
positioning. The surfaces were activated by grinding with SiC-Paper down to 120 μm under water. 
Samples of each base metal were positioned within the vapour phase (1 bar), the supercritical phase (100 
bar) and within the liquid phase. The brine (as known to be similar to the Stuttgart Aquifer [15]: Ca2+: 
1760 mg/L, K2+: 430 mg/L, Mg2+: 1270 mg/L, Na2+: 90,100 mg/L, Cl-: 143,300 mg/L, SO4
2-: 3600 mg/L, 
HCO3
-: 40 mg/L) was synthesized in a strictly orderly way to avoid precipitation of salts and carbonates. 
The exposure of the samples between 700 h to 8000 h was disposed in a chamber kiln at 60 °C at 100 bar 
in an autoclave system and for reference at ambient pressure as well (figure 1). Flow control (3 NL/h) at 
ambient pressure was done by a capillary meter GDX600_man by QCAL Messtechnik GmbH, München.  
 
Fig. 1. Experimental set-up of laboratory corrosion experiment. 
X-ray diffraction was carried out in a URD-6 (Seifert-FPM) with CoK -radiation with an automatic 
slit adjustment, step 0.03 and count 5 sec and AUTOQUAN ® by Seifert FPM was used for phase 
analysis. For gravimetric measurement descaling of the samples (60°C/700 h, 2000 h, 4000 h, 8000 h) 
was performed by exposure to 37% HCl for 24 hours and mass gain was analyzed according to DIN 50 
905 part 1-4. Non-descaled parts of the samples were embedded in a cold resin (Epoxicure, Buehler), cut 
and polished first with SiC-Paper from 180 μm to 1200 μm under water and then finished with diamond 
paste 6 μm, 3 μm and 1 μm. The measurement of the layer thicknesses and residual pipe wall thicknesses 
as well as microstructure analysis were performed via light and electron microscopy techniques using the 
semi-automatic analyzing program Analysis Docu ax-4 by Aquinto. A set of 100 linescans was measured 
taking 10 to 20 micrographs per parameter.  
3. Results and Discussion 
3.1. Kinetics of surface corrosion 
Figure 2 illustrates the isothermal corrosion behaviour of the alloys X46Cr13 and 42CrMo-4 at 60 °C 
at ambient pressure and 100 bar after 8000 h of exposure to saline aquifer brine saturated with CO2. The 
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corrosion rates were obtained gravimetrically characterized by mass gain according to DIN 905 part 1-4. 
Figure 2 (left) compares these results for the materials exposed to the vapour phase (water-saturated CO2) 
at 1 bar and at 100 bar where the CO2 is supercritical. On the right the same results are shown for the 
liquid phase (CO2-saturated saline aquifer).  
General pressure: Results obtained from exposure experiments at 100 bar are lower than those 
obtained at ambient pressure. The corrosion rates obtained for 42CrMo4 in supercritical CO2 at 100 bar 
are comparable to those obtained from experiments at ambient pressure (about 0.02 mm/year) after 8000 
h. For reliability statement it may be followed that this data gives unviable corrosion rates much higher 
that to be expected within the borehole. Still these may be used as worse case margins. Reason for this 
behavior is probably the typical capillary and open pore system precipitating within the corrosion scale 
during scale growth (see also figure 7). Ionic species can easily travel through the scale to contact the 
base metal surface underneath, lead to a decrease of pH and enhance corrosive reactions and further 
degradation of the material at the scale-metal interface. As a consequence the scale will interiorly grow. 
Due to high pressure at 100 bar this capillary/pore system is closed so that diffusion of the ionic species is 
decreased resulting in much lower corrosion rates. Therefore higher pressure will possibly lead to lower 
corrosion rates. 
 
  
Fig. 2. Comparison of corrosion rate as a function of time of the alloys X46Cr13 and 42CrMo-4 (60 °C / CO2 saturated brine) at 
ambient pressure and 100 bar. LEFT. vapour /supercritical phase, RIGHT: liquid phase. 
Chromium content: In general 42CrMo4 shows higher corrosion rates at ambient pressure than 
X46Cr13 – even after long exposure time. This is also true for results obtained at 100 bar where CO2 is in 
the supercritical phase and for those obtained in the liquid phase after long exposure time. But samples 
exposed to the liquid phase for only up to 2000 h it is vice versa. Therefore it can be stated that a higher 
chromium content leads to a better corrosion resistance with no regard to the pressure maintained during 
injection of CO2 into deep geological layers.  
Exposure time: At ambient pressure the corrosion rates for both steel qualities increase while at 100 
bar the corrosion rates decrease. This is strong evidence that different corrosion mechanisms are applied 
in the vapour and supercritical CO2 system. The decreasing corrosion rate can be explained by the 
constant scale growth building a diffusion barrier because of its homogeneous and dense microstructure. 
At ambient pressure the increase is due to the mutual diffusion of carbonate and oxygen inwards and iron 
and chromium ions outwards to react and as a consequence increase scale growth and degradation of the 
base material. 
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For longer exposure times of 42CrMo4 corrosion rates measured in ambient pressure are higher for 
samples kept in the vapour phase by a factor of 20. The corrosion rates for X46Cr13 are significantly 
higher after 700 h but not after 8000 h. Samples kept in the vapour phase show the same corrosion rate 
after 700 h (0.2 mm/year). After long exposure time corrosion rates for both steels are comparable (ca. 
0.02 mm/year) so that the steels quality is not necessarily the most important issue when engineering a 
CCS for long time. Possibly cheaper that means lower alloyed steels may be reliable in CCS technology. 
Atmosphere: Comparing atmospheres the samples were kept in (either CO2 saturated saline aquifer 
brine (liquid) or saline water vapour saturated CO2 (vapour)) for ambient pressure the greatest corrosion 
rates are found within the vapour phase, the lowest in the liquid phase. The high corrosion rates within the 
vapour phase are mainly due to the higher oxygen partial due to possible excess oxygen in the test system 
catalyzing oxidation reactions [33] and greater mobility of the ionic species is the vapour phase catalysing 
the carbonization reaction. Also the viscosity of the vapour phase is low compared to the brine and 
therefore better access of CO2 towards the sample surface in the water saturated CO2-vapour phase is 
guaranteed. At 100 bar where the CO2 is supercritical corrosion rates are higher in the liquid phase than in 
the supercritical phase. The low corrosion rates are correlated to a passivating layer of siderite in CO2-
containing media. In general the corrosion rate increases with increasing CO2 partial pressure [2], 
therefore corrosion rates are higher in the liquid phase where the CO2 partial pressure is higher as a 
consequence of the nature of experiment. But in the presence of iron carbonate precipitates the corrosion 
rate may even decrease. This is the reason for the lower corrosion rates at longer exposure times with 
exception of the low Cr steel in the vapour phase. 
3.2. Kinetics of scale growth 
 
At ambient pressure the scale thicknesses is much greater within the vapour phase than liquid phase for 
both steel qualities (figure 3 and figure 4). This is in good agreement with gravimetrically obtained 
corrosion rates (tops and bottoms of the error bars indicate the highest and the lowest measured value.) 
This can be explained by the easier access of CO2 through the porous corrosion layer and the higher 
partial pressure of oxidizing medium in the vapour phase. Here the CO2 steam is saturated with H2O in 
contrast to the liquid H2O saturated with CO2 [33]. 
 
  
Fig. 3. Scale thickness of the alloys 42CrMo4 and X46Cr13 at 60°C ambient pressure and 100 bar as a function of exposure time in 
CO2-satured brine in the vapour/supercritical phase and liquid phase. 
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At 100 bar the scale thickness is greater in the liquid phase than in the supercritical CO2-phase which 
is opposite to results found at ambient pressure and agrees to findings of the corrosion rate up to 2000 h 
of exposure. Reason for the greater scale growth in the liquid phase may be the higher viscosity of the 
media as a function of pressure therefore offering a greater amount of reactive ionic species per μm2 of 
the base metal surface. Choi et al. [30] explain the higher corrosion rate in the liquid phase with higher 
pCO2 and therefore higher concentration of H2CO3. Lower corrosion rates and larger scales in the liquid 
phase indicate a good passivation property of the carbonate scale growing under high pressure 
environment. 
 
Fig. 4. SEM surface images of the corrosion scales on the alloys X46Cr13 (left) and 42CrMo4 (right) as a function of after exposure 
to CO2-satured brine and supercritical CO2 at 60°C and 100 bar. 
In general the scale thicknesses are lower at 100 bar than at ambient pressure and increase with 
exposure time for both steel qualities with exception to the scale magnitudes on 42CrMo4 at 100 bar that 
remains at 0.25 mm. Maximum scales found on 42CrMo4 are about 6.5 mm at ambient pressure and 0.25 
mm at 100 bar, while maximum average thicknesses found on X46Cr13 below 0.2 mm at ambient 
pressure and below 0.02 mm at ambient pressure. The authors want to remark that even at lower corrosion 
rates of the base metal the scale growth is higher on the high alloyed steel X46Cr13 indicating again the 
importance of the passivating property of the scale. 
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3.3. Kinetics of scale growth
High alloyed steels are susceptible to local corrosion, pitting under CCS conditions at ambient pressure
[32]. At 100 bar the average pit diameter decreases as a function of exposure time (figure 5). At the same
time the amount of counted pits increases (figure 6).
Fig. 5. Average pit diameter of alloys X20Cr13 and X46Cr13 at 60°C and 100 bar as a function of exposure time in CO2-satured 
brine in the vapour/supercritical phase and liquid phase.
Relating to the worst case of a water level rising within the pipes and being installed for at least two
years the following conclusion may be drawn: Both, surface corrosion as well as local corrosion (pitting
and shallow pit corrosion), contribute to the degradation of the pipeline material. At 100 bar and
supercritical CO2-condition surface corrosion rates below 0.2 mm/year are considerable. Decreasing pit
diameter may be explained by growth of the carbonate scale as it can be found on the metal surface. But 
with increasing amount of pits this pit passivation is neglectable and local corrosion will be enhanced as a 
function of exposure time. Considering pitting the highest intrusion rates are obtained for the high 
chromium steel X46Cr13 (4.6 mm/year [32]) at ambient pressure, but are as low as averagely 200 μm at 
100 bar even after 8000 h of exposure time. The carbon content does not influence the local corrosion 
behaviour significantly as demonstrated in figures 5 and 6, therefore both steels qualities may equally be
used for pipe steels in CCS-technology.
Fig. 6. Amount of counted pits of alloys X20Cr13 and X46Cr13 at 60°C and 100 bar as a function of exposure time in CO2-satured 
brine in the vapour/supercritical phase and liquid phase.
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3.4. Scale microstructure
Main component of the complicated multi-layered carbonate/oxide structure is siderite FeCO3, with 
small amounts of Ca. Goethite -FeOOH, mackinawite FeS and spinelphases of various compositions are
present as well along with athe minor phases lepidocrocite -FeOOH and akaganeite Fe8O8(OH)8Cl1.34.
Also carbides (Mn23C6, Fe3C) were analyzed in the CO2-environment as stated by Lopez et al. [12]. The
formation of the scale in aquifer water takes place in 2 steps as described in detail by Pfennig and
Kranzmann [33,34]. At 100 bar only phase indentified is siderite with small amounts of rhodochrosite 
(MnCO3) and goethite -FeOOH. Although this scale is also typically dual (inner and outer corrosion 
layer) it reveals a rather single phase microstructure, which may be accounted by a higher oxygen partial
pressure in the ambient pressure system leading to the precipitation of carbonates and oxide species.
Figure 7 shows the SEM images of the 42CrMo4 corrosion scale exposed to the CO2-saturated brine 
exposed to the vapour phase at ambient pressure and exposed to the supercritical CO2-phase at 100 bar.
The left image reveals the highly porous inhomogeneous microstructure and open capillary system in the
scale when the samples are kept in the vapour phase. Compared to samples exposed at 100 bar the
carbonate scale is dense, more homogeneous and less porous accompanied by rather small grain sizes. 
This may be due to slower diffusion kinetics in the supercritical phase or by the higher viscosity of the
supercritical CO2 compared to its vapour phase. As a consequence this allows for more reactive ionic
species in the vapour phase with much higher diffusion rates and therefore growth kinetics. Slower 
diffusion in the supercritical phase leads to the stable growths of the {10-10}-planes leading to the typical
tabular crystal habit with dense microstructure of the scale.  
Fig. 7. Comparison of FeCO3-preciptates grown on AISI 4140 42CrMo-4 in CO2 saturated aquifer water at ambient pressure in the 
vapour phase (left) and at 100 bar in the supercritical CO2-phase (right).
These precipitates indicate that the iron dissolution reaction proceeds with time and diffusion
pathways. This dissolution leads to an increase in local pH at the steel surface due to the accumulation of 
ferrous ions that then react to ferrous carbonate after supersaturation at the steels surface [35]. Choi at al. 
[30] found that even after short reaction times of 24 hours the surfaces of samples were covered with 
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precipitates although there was no free water on the sample surface at the initial stage. If the surface is 
covered with dense FeCO3-particles the grain size of FeCO3 decreases with increasing pressure. These 
results are in good agreement with our findings of a denser scale at higher pressure, where both 
phenomena may be related to diffusion kinetics and pathways. As the corrosion layer grows it reaches an 
equilibrium thickness after approximately one year of exposure. After this time the layer thickness 
increases further but becomes denser, therefore less porous. This means that the mutual diffusion of Fe 
from the base metal and O2, C and impurities from the CO2-saturated brine is slowed down resulting in a 
stable corrosion layer growth and base metal dissolution.  
4. Conclusion 
During the normal storage procedure the CO2 is supposedly injected in the liquid or supercritical 
phase. But when there are intermissions of the injection the water level may rise into the injection pipe. 
This will then lead to the precipitation of corrosion products and formation of pits as stated. The 
saturation of a geothermal brine with CO2 leads to near linear corrosion rates for a 1% Cr (42CrMo-4) 
and 13%Cr (X46Cr13) steel at ambient pressure as well as at 100 bar after 8000 h of exposure. The 
corrosion rates obtained from the high pressure experiments are generally lower than at ambient pressure 
(by a factor of 80 for 42CrMo4 and a factor of 1.5 for X46Cr13). Highest surface corrosion rates are 0.8 
mm/year (1% Cr) and 0.3 mm/year (13% Cr) in the vapour phase at ambient pressure. At 100 bar the 
highest corrosion rates are 0.22 mm/year for the 13%Cr steel (X46Cr13) kept in the liquid phase and as 
low as 0.01 mm/year for 42CrMo4 with no regard to liquid or supercritical phase. The carbon content of 
the steels does not influence the local corrosion behaviour of X46Cr13 (0.46% C) and X20Cr13 (0.20% 
C) significantly. Main phase of the continuous scale forming on both steels at 100 bar are FeCO3 siderite 
and goethite -FeOOH in both steels. It was shown that the nature of experiment revealed different phase 
compositions depending on the pressure (multiphase at ambient pressure and most likely singlephase at 
high pressure (100 bar)) as well as much lower corrosion rates. Despite earlier results the reliability of 
steels used in engineering CCS-sites high pressure experiments should be performed giving more realistic 
corrosion data. Ambient pressure data will exceed the actual corrosion rates by high factors. The 
corrosion rates obtained in this experiment indicate corrosion rates below 0.2 mm/year and pits depths 
around 200 μm the most after 1 year of experimental exposure and therefore assess the steels investigated 
as suitable in this technology. 
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